INTRODUCTION {#SEC1}
============

Over the past decades, following advances in metabolic engineering and synthetic biology, microbial production aroused increasing interest as valuable alternative for the production of a vast number of diverse (bio)chemicals. Efforts have focused on improving performance of industrial strains for synthesis of both native and new-to-the-host products ([@B1]). Metabolic engineering, with its top-down approach, focuses on altering the activity of enzymatic reactions through the overexpression of rate-limiting steps in combination with the deletion of competing pathways to drive the flux to the product of interest ([@B8]). This strategy has proven successful in improving yield and productivity of engineered strains. In contrast to metabolic engineering, synthetic biology uses a bottom-up approach making use of engineering principles, whereby complex systems are built by combining separate well-defined parts, to design and construct biological systems. With the concomitant development of DNA parts such as promoter (especially for housekeeping sigma factor 70, σ^70^, from *Escherichia coli*) and ribosome binding site (RBS) libraries ([@B11]), and new (high-throughput) DNA assembly techniques ([@B14]), combinatorial engineering of pathways emerged ([@B4],[@B20],[@B21]). In this way, expression of the various genes of interest can be optimized simultaneously irrespective of prior and/or profound knowledge and whole biological systems can be driven toward the desired phenotype. The use of aforementioned static control elements precludes, however, the adjustment of the expression in response to encountered transient conditions.

In nature, biological systems make use of complex regulatory networks to dynamically control metabolic fluxes in the cell in order to efficiently use cellular resources in transient conditions. One example is the control by transcriptional regulators that sense the concentration of metabolic intermediates and can accordingly repress or activate enzyme synthesis ([@B22]). Dynamic pathway control, for example to prevent the accumulation of toxic intermediates, can be implemented during pathway optimization to minimize negative effects on the host ([@B23]). In addition, to optimally respond to changing conditions observed by the cell, gene expression should be controllable independently from the host's native regulatory control. To fulfill these requirements and to ensure optimal production and strain robustness, pathway expression has to occur: (i) in an orthogonal manner and, (ii) each of its steps should be maximally and dynamically fine-tuned. In order to achieve these goals there is a need for orthogonal gene expression elements and regulatory systems that operate without undesired crosstalk. Additionally, the availability of different orthogonal sets of parts would allow for the assembly of more complex genetic circuits. A pathway could then be divided in separate modules, which can be regulated independently in response to varying concentrations of intermediates or byproducts, thereby enabling integration of dynamic control of parts in a pathway. For these reasons, newly developed parts should be specific, orthogonal (strong interactions solely with cognate partner) and compatible in order to be used together in a multiple input multiple output genetic circuit ([@B24],[@B25]). When fulfilling all these requirements, parts can be used for modular control of pathways in which orthogonal expression enables maximal independency toward the host and/or between output and the regulation used to control it.

In the last years, tools have become available for orthogonal control of gene expression both on the transcriptional (activators and repressors) and translational level with orthogonal ribosomes, riboswitches, sRNAs and toehold switches as examples for the latter ([@B26]). An advantage of transcriptional control in gene circuitry is that energy and resources are not wasted on RNA synthesis and, furthermore, more information is available about the underlying mechanisms compared to the regulation of downstream steps in the flow of information processing. Many bacterial regulatory mechanisms control the first step of transcription, which is initiated by binding of the unique RNA polymerase (RNAP) to specific promoter sequences ([@B32]). A different strategy relies on the use of bacteriophage encoded RNA polymerases of which T7 polymerase is well characterized and functions in an orthogonal manner in bacteria. Mutants of this polymerase have been engineered to obtain orthogonal polymerase--promoter pairs that allow for modular control ([@B36],[@B37]). Furthermore, fragmented variants of the T7 polymerase have been used to create transcriptional and gates for integration in genetic circuitry ([@B38]) as well as a 'resource allocator' ([@B39]), where the assembly of different polymerase fragments in various combinations mimics the strategy of the bacterial RNA polymerase with its sigma factors to change cellular gene expression in response to stimuli. Still, for each one of these orthogonal sets there is currently only a limited number of promoters available ([@B36],[@B40]). Moreover, phage-derived RNA polymerases generally remain to some extent toxic to the cell when used in bacteria. Conversely, the use of bacterial RNA polymerase or subunits thereof might generate less interference with the host.

Bacterial RNA polymerases are multi-subunit enzymes, composed of a core enzyme (α~2~ββ'ω) associated with a sigma subunit (σ). The latter is responsible for promoter selectivity through recognition of specific DNA sequences in the promoter region. In addition to the housekeeping sigma factor (σ^70^ in *E. coli*; σ^A^ in *Bacillus subtilis*) that transcribes genes essential for growth, most bacteria have a variable number of alternative sigma factors, which bind competitively to the core enzyme and target the holoenzyme to distinct classes of promoters. This enables the cell to quickly change its genetic expression program in response to stress conditions or other environmental signals. Hence, sigma factors function as a form of global switches. This feature has been utilized by Rhodius *et al.* ([@B41]), who analyzed extracytoplasmic function (ECF) type sigma factors from different species in *E. coli* for orthogonality toward each other showing their potential for use in complex genetic circuits. Sigma factors are small modular proteins, comprising two to four domains, which differ greatly in sequence and size (Figure [1A](#F1){ref-type="fig"}). In addition to promoter specificity, they have a large dynamic output ranging from a very low OFF state to high levels of expression when turned ON ([@B42]). As a result, they are the first important type of selective transcriptional regulators and therefore an attractive starting point to create orthogonal expression systems.

![The bacterial sigma factor is responsible for promoter selectivity through recognition of specific DNA sequences in the promoter region. (**A**) Sigma factors of the sig70-family are divided in different groups based on their protein domain composition, consisting of two to four domains ([@B42]). Subregions 4.2 and 2.4 are of utmost importance in contacting the −35 and −10 promoter elements, respectively. Subregion 3.0 can contact the extended −10 element. (NCR = non-coding region). (**B**) List of different sigma factors, relevant for this work, originating from *Escherichia coli* and *Bacillus subtilis* with their consensus promoter sequences, design (group) and function in the cell.](gky010fig1){#F1}

Here, we present such orthogonal expression systems based on heterologous sigma factors from *B. subtilis*, a Gram-positive bacterium, which enable independent expression of different sets of genes. Additionally, promoter libraries for three of these sigma factors are built, thus obtaining a wide range of transcription initiation frequencies (TIF) for each sigma factor without loss of their orthogonal character toward each other and toward the host. Used in combination these heterologous sigma factors and their respective promoter libraries allow the assembly of modular circuits in which expression of each and every step of the pathway can be optimized independently.

MATERIALS AND METHODS {#SEC2}
=====================

For additional information, see [Supplementary Data Materials and Methods](#sup1){ref-type="supplementary-material"}.

Media and bacterial strains {#SEC2-1}
---------------------------

Lysogeny broth (LB) was used for cloning purposes. Complex medium (853) was used for all further experiments. Strains *B. subtilis* subsp. subtilis wild-type (LMG 7135), *E. coli* K12 MG1655 and *E. coli* Top10 were used for cloning purposes. *Escherichia coli* MG1655 and knock-in derivatives bearing a heterologous sigma factor integrated in the genome (made through homologous recombination according to the method of Datsenko and Wanner ([@B45]) with modifications) were used for all further experiments.

An overview of resulting strains is listed in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Cloning, growth and fluorescence reporters {#SEC2-2}
------------------------------------------

Plasmid pTrc99a was used to express sigma factors from *B. subtilis* and *E. coli* under control of an isopropyl-β-D-1-thiogalactopyranoside (IPTG) inducible promoter. Plasmid pSC101-mKate2 was used as fluorescent reporter construct to measure the activity of *B. subtilis* and *E. coli* promoters. All derivatives of these plasmids were constructed in a seamless ligation reaction, protocol from Zhang *et al.* ([@B17]) with modifications. Composition of the *B. subtilis* promoters with their sequences are given in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. All primers used and resulting constructs are listed in [Supplementary Tables S2 and 3](#sup1){ref-type="supplementary-material"}. Constructs were verified by DNA sequencing. Competent cells for DNA transformation were prepared by the standard CaCl~2~ treatment ([@B46]).

Growth and fluorescence analysis {#SEC2-3}
--------------------------------

All strains (*E. coli* MG1655 knock-in derivatives and MG1655 transformants bearing a pTrc99a derivative) were tested in triplicate (different colonies = biological triplicates) on microtiter plates and experiments were repeated at least twice (independent plates). For growth analysis optical density (OD) at 600 nm was measured every 10 min and growth curve data were analyzed with the Grofit package in R ([@B47]). For fluorescence (FL) analysis: OD and FL were measured every 10 min and values were corrected for media blank. Further, the ratio of FL to OD was calculated and corrected for autofluorescence of the cells.

Promoter library construction {#SEC2-4}
-----------------------------

Libraries were constructed using standard molecular cloning protocols. Randomized DNA sequences, depicted as 'N' base pairs were included in polymerase chain reaction (PCR) primers to result in the promoter sequences shown in Table [1](#tbl1){ref-type="table"}. Our cloning vector pLibrary is based on the pSC101 plasmid and additionally contains a constitutively expressed *sfGFP* gene ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The assembled plasmids were transformed in electrocompetent Top10 cells and subsequently grown overnight in 10 ml selective LB medium at 37°C. We obtained library sizes between 82 000 and 774 000 colony forming units (CFU) (Table [1](#tbl1){ref-type="table"}). Plasmid DNA was extracted for all individual libraries with a Qiagen Plasmid Mini Kit and stored at −20°C.

###### Library sequences overview and the maximum practically obtained coverage

  Library       Sequence (5′ → 3′)                                                           \# transformants (×10^−3^)   Max. library coverage (%)
  ------------- ---------------------------------------------------------------------------- ---------------------------- ---------------------------
  UP_B          TGTTTAAAAAAATGTCGGAGAACGT                                                    N.A.                         N.A.
  UP_F          GTAAAGATGCGTCCTGTTCTGCGAT                                                    N.A.                         N.A.
  UP_W          TGATAAACTTATTTTATAAAAAAAT                                                    N.A.                         N.A.
  UP_D          GGTCTATGAGTGGTTGCTGGATAAC                                                    N.A.                         N.A.
  UTR_D         AGGGAGAGCACAACGGTTTCCCTCTACAAATAATTTTGTTTAACTTT                              N.A.                         N.A.
  P~B2~         UP_B - [GTTTAT]{.ul} TTTTTTGAAAAA [GGGTAT]{.ul} GTAACTTGTA                   N.A.                         N.A.
  L~B2--1~      UP_B - [GTTTAT]{.ul}**NNNNNNNNNNNN**[GGGTAT]{.ul} GTAACTTGTA                 475                          2.83
  L~B2--2~      UP_B - [GTTTAT]{.ul} TTTTTT**NNNNNN**[GGGTAT]{.ul} GTAACTTGTA                298                          100
  L~B2--3~      UP_B - [GTTTAT]{.ul}**NNNNNN**GAAAAA [GGGTAT]{.ul} GTAACTTGTA                82                           100
  P~F3~         UP_F - [GTTTA]{.ul} AAAACGATCTTTTTT [TCTCATAAT]{.ul} AGTAGAAACA              N.A.                         N.A.
  L~F3--1~      UP_F - [GTTTA]{.ul}**NNNNNNNNNNNNNNN [K]{.ul}**[CTCATAAT]{.ul} AGTAGAAACA    751                          0.035
  L~F3--2~      UP_F - [GTTTA]{.ul} AAAACGAT**NNNNNNN [K]{.ul}**[CTCATAAT]{.ul} AGTAGAAACA   762                          100
  L~F3--3~      UP_F - [GTTTA]{.ul}**NNNNNNNN**CTTTTTT [TCTCATAAT]{.ul} AGTAGAAACA           687                          100
  P~W2~         UP_W - [TGAAAC]{.ul} CTTTTGAAACGAAGCT [CGTA]{.ul} TACATACAGA                 N.A.                         N.A.
  L~W2--1~      UP_W - [TGAAAC]{.ul}**NNNNNNNNNNNNNNNN**[CGTA]{.ul} TACATACAGA               554                          0.013
  L~W2--2~      UP_W - [TGAAAC]{.ul} CTTTTGAA**NNNNNNNN**[CGTA]{.ul} TACATACAGA              666                          100
  L~W2--3~      UP_W - [TGAAAC]{.ul}**NNNNNNNN**ACGAAGCT [CGTA]{.ul} TACATACAGA              774                          100
  P~proD~\*     UP_D - [TTTACG]{.ul} GGCATGCATAAGGCTCG [TATAAT]{.ul} ATATTC - UTR_D          N.A.                         N.A.
  L~proD-1~\*   UP_D - [TTTACG]{.ul}**NNNNNNNNNNNNNN**TCG [TATAAT]{.ul} ATATTC - UTR_D       391                          0.15
  L~proD-2~\*   UP_D - [TTTACG]{.ul}**NNNNNNNNNNNNNNNNN**[TATAAT]{.ul} ATATTC - UTR_D        542                          0.0032

Sequences represent the 'promoter library site' in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

Flow cytometry analysis {#SEC2-5}
-----------------------

Each of the 12 *B. subtilis* promoter libraries and original promoters were transformed by electroporation into the *E. coli* K12 MG1655 strains containing either the genes for heterologous sigma factor B, W or F and in the wild-type strain, resulting in 48 new strains or pools. Furthermore, the control constructs containing the P~high~ libraries and the construct containing only sfGFP were transformed in the WT strain giving a total of 52 strains. All strains were cultured overnight (12 h) at 30°C in 5 ml selective 853 medium. Cultures were then resuspended and diluted in filtered phosphate-buffered saline for flow cytometry analysis. All data were processed with a custom-written R script mainly using flowCore, flowPeaks and ggplot2 packages. Automated gating was based on the sfGFP reference FL and forward scatter ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The data reported in this study are generated by asinh transformation of the red over green fluorescence (RFP/sfGFP) and subtraction of the mean value of the negative control harboring no RFP gene (Fluorescence~CT~).

Library promoter selection and characterization {#SEC2-6}
-----------------------------------------------

The three libraries constructed for each sigma factor were assembled (e.g. L~B2-1,~ L ~B2-2~ and L ~B2-3~ together) prior to transformation. These assemblies were transformed by electroporation in strains bearing the gene for the respective cognate sigma factor. Next, samples for FACS were cultured and prepared as described above (flow cytometry analysis). Each library was sorted in twelve bins, with equal boundaries for the three libraries. Hence, the portion of each library sorted in a particular bin varies, strongly dependent on the expression profile, from 23% to under 0.1% of the population. Bins were plated and four colonies were picked from each bin (48 in total) for a FL-based selection (*n* = 1) of 9 or 10 promoters for each library representing the acquired expression range. sfGFP expression was also taken into account for this selection and colonies with aberrant expression were excluded. DNA was extracted from microtiter plate (MTP) cultures of the selected strains with an adapted protocol using a Qiagen Plasmid Mini Kit for lysis and neutralization, and ethanol precipitation for purification. Subsequent retransformation in strains with or without heterologous sigma factor was performed with fresh, in transformation and storage solution (TSS) buffer, chemically competent prepared cells. Four biological replicates were analyzed on microtiter plates by measuring FL after reaching the stationary growth phase. The reported values were obtained by first correcting mKate2 and sfGFP FL for media blank and subsequently, calculating the ratio of mKate2 over sfGFP FL (Fluorescence~C~).

RESULTS {#SEC3}
=======

Selection of heterologous sigma factors and promoters {#SEC3-1}
-----------------------------------------------------

The sequence and structure of core RNAP is highly conserved among Bacteria, which is not the case for the associating sigma factors. Although the latter vary greatly in size (from 20 to more than 70 kDa), they are functionally similar as indicated by the generation of functional hybrid holoenzymes composed of a sigma factor from one bacterium with the core enzyme from a distantly related one ([@B41]). In general, organisms that encounter varied environments, need frequent adjustments of their metabolism and/or must respond to many stresses contain a larger number of sigma factors. For this work with *E. coli* as host, 6 out of the 19 known/predicted sigma factors from the distantly related Gram-positive model organism *B. subtilis* were selected (Figure [1B](#F1){ref-type="fig"}). This selection is primarily based on the predicted promoter consensus sequences that differ substantially from the *E. coli* σ^70^ consensus to achieve specific recognition. All of the selected sigma factors (B, F, G, M, W, X) belong to the sig70-type, but with different domain compositions (Figure [1A](#F1){ref-type="fig"}) characteristic for the different groups of the sig70-family.

SigB from Gram-positive bacteria is functionally similar to RpoS in Gram-negative bacteria as they are both responsible for stationary-phase and stress response gene expression. However, they exhibit a dissimilar build (belonging to group 3 and group 2, respectively) and differ in genetic organization and regulation of expression and activity ([@B44],[@B48],[@B49]). Furthermore, their consensus promoter sequences are different, rendering sigma factor B a promising first choice for orthogonal gene expression in *E. coli*. In contrast, sigma factor D of *B. subtilis* was not taken into consideration as it is a functional ortholog of FliA from *E. coli*, with conserved promoter recognition and function, as indicated by the functional complementation of an *E. coli fliA* mutant with *sigD* ([@B50]). Sigma factors E, F, G, H and K are all involved in the sporulation cascade in which each one has a specific role. From these sigma factors E and K were dismissed because of their functional dependence on post-translational modifications ([@B51],[@B52]). Sigma factors M, W and X are three out of the seven sigma factors from *B. subtilis* that belong to the ECF subfamily of sig70-type sigma factors. ECFs are among the smallest sigma factors bearing only domain 2 and 4, which are the most conserved of the four regions of bacterial sigma factors and correspond to domains mostly involved in binding core RNAP and DNA recognition (Figure [1A](#F1){ref-type="fig"}). Because of their minimalistic build which lacks domain 3, they are expected to have lower affinity for core RNAP compared to other sigma factors and no (specific) recognition of an extended −10 promoter element ([@B42],[@B53]). Additionally, they have low non-specific DNA binding activity compared to σ^70^. The ECF family constitutes the largest group of alternative sigma factors and its members usually regulate functions related to cell envelope homeostasis.

For each of the six investigated sigma factors from *B. subtilis*, three to four cognate naturally occurring promoters (−60 to +2) expected to have different TIF were selected ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) ([@B56]).

Plasmid and genome-based expression of sigma factors {#SEC3-2}
----------------------------------------------------

Sigma factors and mutant derivatives thereof were inserted either in a mid-copy number plasmid (≈40 copies) under control of an IPTG inducible promoter (pTrc99a derivative) or introduced into the chromosome (single copy) downstream of *rpoS*, while the corresponding promoters were placed upstream of a red fluorescent reporter gene on a low copy number plasmid (pSC101 derivative). The obtained sigma factor mutants bearing one or two amino acid substitutions (B S201R/R240H, M E73K, M A130V, W L94F, X T152P) were not created purposefully, but acquired during cloning. These mutations could be the result of standard PCR errors as is probably the case for sigma factor W of which both a WT and a mutant version were attained. For sigma factor M, we did not succeed in cloning the wild-type gene despite several attempts but instead obtained multiple variants each bearing a single mutation, resulting in a variety of (partially) functional proteins and non-functional ones with an out-of-frame mutation or early stop codon. These results suggest a possible growth inhibiting effect of the heterologous wild-type protein on the *E. coli* host in the conditions used. However, the heterologous sigma factors and mutants thereof (either on plasmid or genome) that were used further in this study showed either no or only minor effects on growth of the host ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). To reduce some inherent problems of working with combinations of different plasmids and as expression from the chromosome is generally more stable and proved to be sufficient for efficient initiation at cognate promoters ([@B63]), all further experiments were conducted with genome-based expression of heterologous sigma factors.

Functionality and orthogonality of heterologous sigma factors and promoters in *E. coli* {#SEC3-3}
----------------------------------------------------------------------------------------

During exponential growth σ^70^ is most abundantly present in *E. coli* cells and binds with core RNAP to form a holoenzyme in order to initiate transcription from its promoter sequences (Figure [2A](#F2){ref-type="fig"}). Three σ^70^-specific promoters with different TIF were used as positive control and reference during FL measurements ([@B12]), whereas a promoter-less plasmid construct was used as negative control. In *E. coli* MG1655, the FL signal produced by these constructs corresponds to a relative expression level of 0.20, 0.31 and 1, respectively for the promoter with low, medium and high TIF (relative to promoter P~high~ with the high TIF as reference and equal to 1) both in the exponential and stationary growth phase, while the negative control showed no measurable expression above background (Figure [2C](#F2){ref-type="fig"}). When the four reference plasmids were introduced in MG1655 recombinant strains bearing a heterologous sigma factor integrated in the chromosome, FL dropped to 0.7 in the presence of sigma factors F and M E73K and more moderately (0.85--0.9) in the presence of sigma factors B S201R/R240H, G, M A130V and X T152P. This result may be expected as these recombinant strains produce an additional sigma factor that will compete with the native sigma factors for binding to the limiting amount of core RNAP (Figure [2B](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}). In contrast, we measured a small increase in FL for the recombinant strain bearing mutant sigma factor W L94F (in stationary growth phase), which could indicate some recognition of σ^70^-specific promoters by this heterologous sigma factor (Figure [2C](#F2){ref-type="fig"}).

![Functionality and orthogonality of heterologous sigma factors and promoters in *Escherichia coli*. (**A**) Schematic view of core RNA polymerase consisting of 5 subunits (α~2~ββ'ω)---given in different gray shades) that can bind the housekeeping sigma factor σ^70^ (given in blue) to form a holoenzyme able to transcribe from a σ^70^-specific promoter (also given in blue) in an *E. coli* cell. (**B**) Concept overview: an ideal orthogonal expression system combining several heterologous *Bacillus subtilis* sigma factors (namely sigma factor B, F and W given in yellow, red and green respectively) and cognate promoters introduced in the *E. coli* host. All sigma factors are able to bind the host core RNAP and form a holoenzyme that is able to recognize/transcribe specifically from its cognate promoter and not from the other promoters to yield a perfect orthogonal system without cross-talk. (**C**) Cross reactivity of sigma factor--promoter pairs measured in both exponential and stationary growth phase. Colors indicate activity (relative FL/OD) defined as the activity of the promoter-sigma pair divided by the activity of the reference (black square), a strong σ^70^ promoter (P~high~ ([@B12])) in wild**-**type *E. coli* MG1655. A gray square encloses the ECF sigma factors (M, W, X) in which some cross-talk is observed. Functionality of heterologous sigma factors from *B. subtilis* in *E. coli* strains bearing a cognate plasmid-borne promoter--reporter gene construct is shown by green rectangles. Data are the means of at least three biological replicates.](gky010fig2){#F2}

To determine potential recognition of the different *B. subtilis* promoters by the host transcription machinery, the various plasmid-borne reporter constructs were introduced in wild-type *E. coli* MG1655. Promoters P~M2~ and P~X3~ led to a rather high expression level (above 0.20), while all other promoters generated a signal of 0.08 or below compared to the reference signal. As the aforementioned promoters are recognized and transcribed by one or more *E. coli* sigma factor(s), (which is not desirable in this study in view of the targeted orthogonality) FL will be produced by all MG1655 derivatives. All other promoters appeared to be fully orthogonal toward native *E. coli* sigma factors (Figure [2C](#F2){ref-type="fig"}).

Subsequently, combinations of *Bacillus* sigma factors and their cognate promoters were tested to determine whether the different heterologous sigma factors are functionally expressed in *E. coli* (ability to bind the host core RNAP and initiate transcription at their cognate *Bacillus* promoters) (Figure [2B](#F2){ref-type="fig"}). With the exception of sigma factor B and its two amino acid substitutions derivative (B S201R/R240H) that showed only minor expression initiated from their cognate promoter P~B3~ and X T152P with P~X2~, FL signals were measured for all sigma-promoter pairs covering a wide range from 0.17 up to almost 2 (Figure [2C](#F2){ref-type="fig"}).

To verify orthogonality between the distinct sigma factors from *B. subtilis* all possible combinations of sigma factor--promoter pairs were generated in *E. coli* and relative FL signals were measured during both the exponential and stationary growth phase. The results indicate that sigma factor B and its mutant derivative only recognize their cognate promoters and prove to be orthogonal. Sigma factor F is orthogonal toward all promoters but promoter P~B1~ and P~B3~ of sigma factor B, while sigma factor G recognizes both its cognate promoters and those of sigma factor F. The ECF-type sigma factors (M, W, X) on the other hand show crosstalk among each other yet remain orthogonal toward the promoters of all other sigma factors tested. W (or its derivative) and X T152P are fully orthogonal toward each other and the host, but not with M (Figure [2](#F2){ref-type="fig"}).

Hence, the combination of sigma factors B, F, W and X of *B. subtilis* appears to be suited for the creation of an orthogonal set, which can be used to independently regulate gene expression in a modular pathway.

Orthogonality of *B. subtilis* promoters to native *E. coli* sigma factors {#SEC3-4}
--------------------------------------------------------------------------

The concentration of alternative sigma factors in the cell can vary in response to different stress conditions. Even between exponential and stationary growth phase the intracellular concentrations of some alternative sigma factors differ. Shimada *et al.* ([@B64]) observed no change in protein concentrations between both growth phases for σ^70^, σ^28^ and σ^54^, while σ^38^ (/σ^S^) is abundantly more present in stationary phase, and concentrations of σ^24^, σ^32^ and σ^19^ are only slightly higher during stationary phase. In spite of potential differences between exponential and stationary growth phase, the same trend of recognition was observed for all tested sigma factor--promoter pairs (Figure [2C](#F2){ref-type="fig"}).

Still, to further evaluate orthogonality of the heterologous promoters to the native *E. coli* sigma factors, *E. coli* sigma factors (σ^24^, σ^28^, σ^19^, σ^32^ and σ^54^) were placed under control of an IPTG inducible promoter on a mid-copy number plasmid (≈40 copies). Unfortunately, sigma factor σ^24^ could not be cloned successfully in the conditions and system used in this study (early stop codon). Combinations of the other four sigma factor constructs together with the promoter reporter plasmids were transformed in *E. coli* and expression was measured with and without induction by IPTG. The results show that there is only recognition of promoter P~W3~ by σ^28^ upon induction with IPTG (Figure [3](#F3){ref-type="fig"}).

![Orthogonality of *Bacillus subtilis* promoters to native *Escherichia coli* sigma factors. Cross reactivity of sigma factor--promoter pairs measured in both exponential and stationary phase; and with and without addition of IPTG to induce expression of the *E. coli* sigma factors. Colors indicate activity (relative FL/OD) defined as the activity of the promoter--sigma pair divided by the activity of the reference, a σ^70^ promoter (P~high~ ([@B12])) in wild-type *E. coli* MG1655. *B. subtilis* promoters (P~M2~ and P~X3~) that were non-orthogonal toward *E. coli* (Figure [2C](#F2){ref-type="fig"}), and promoters with low TIF (\<0.10) with their cognate sigma factor (Figure [2C](#F2){ref-type="fig"}, P~B3~ and P~X2~) were dismissed from this analysis.](gky010fig3){#F3}

Promoter libraries, construction and characterization {#SEC3-5}
-----------------------------------------------------

Besides orthogonality, tunability is another required characteristic of biological parts to enable predictable and scalable genetic designs ([@B65]). To meet this requirement, three orthogonal heterologous sigma factor--promoter pairs, toward each other and the host, were selected for the construction of promoter libraries. These are sigma factors B, F and W with their promoters P~B2~, P~F3~ and P~W2~, respectively. As sigma factor specificity is primarily determined by the conserved −10 and −35 promoter elements, these regions were not altered in the design with a view to preserve orthogonality ([@B66]). Instead, previous work demonstrated that sequences surrounding the −10 and −35 promoter elements are excellent targets to generate variability in expression levels ([@B13],[@B15]). Aiming for enhanced tunability, suitable for the application of interest, and simultaneously restricting the potential loss of orthogonality to a minimum, three distinct libraries were designed for each promoter, targeting different regions of the spacer that separates the −10 and −35 promoter elements (Table [1](#tbl1){ref-type="table"}). For the various selected *B. subtilis* promoters, library 1 (L~σ-1~) consists of a completely randomized spacer sequence. For the construction of libraries 2 and 3 (L~σ-2~, L~σ-3~), half of the spacer, situated adjacent to either the −10 or the −35 conserved region of the promoter, was randomized. The −10 conserved regions include the extended −10 box for sigma factor B and F promoters, which is therefore constant over all libraries, with exception of the −16 position of F promoter libraries L~1~ and L~2~. Here a T/G (K) nucleotide was incorporated since G~-16~ is conserved and important for recognition by sigma factor F, but happens to be a T in promoter P~F3~ ([@B58],[@B67],[@B68]). Promoters for sigma factor W do not have the extension to their −10 consensus region since ECF sigma factors do not have an extended −10 interacting domain. In addition to the *B. subtilis* promoter libraries, as a control, promoter libraries were created for an *E. coli* σ^70^ promoter P~high~ ([@B12]). L~high-1~ has a randomized spacer analogous to the other L~1~ libraries. With L~high-2~, the influence on the expression range of including the extended −10 region in the randomization is explored. Libraries (L~σ-n~) and original promoters (P~σ~) were all cloned in the pLibrary vector, which is a derivative of the pSC101-mKate2 vector used in this study (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). pLibrary additionally contains a constitutive promoter driving stable *sfGFP* expression to adjust for extrinsic factors influencing gene expression. In the negative control vector 'sfGFP-only', the promoter library cloning site and *mKate2* were deleted. All 48 possible combinations consisting of the original promoter and pLibrary constructs transformed in strains bearing a cognate, a non-cognate or no heterologous sigma factor (MG1655) (Figure [4A](#F4){ref-type="fig"}) were grown overnight and characterized by flow cytometry. Furthermore, this series of strains was supplemented with MG1655 transformants bearing the P~high~ libraries and the negative control containing only sfGFP. Figure [4B](#F4){ref-type="fig"} shows the libraries' FL distribution for cognate pairs and population means for non-cognate pairs. The libraries (for both heterologous promoters as the *E. coli*-specific promoter) show distinct expression profiles for the different spacer randomizations characterized by a broadening of the expression range and/or a shift relative to the respective unmodified promoter. Generally, it appears that the orthogonal character of the generated libraries is well conserved. This is indicated by the mean FL of the distributions (for non-cognate pairs) that are in the same range or even lower, when comparing the distributions mean FL of the libraries (L~σ-n~) with their original promoter (P~σ~) within the same strain (Figure [4B](#F4){ref-type="fig"}). However, randomizing promoter DNA sequences has the potential to result in the creation of an undesirable subpopulation of inactive promoters and can therefore contribute to the lowering of the distribution means. Nevertheless, libraries tested in presence of their cognate sigma factor show that these subpopulations only account for a small percentage of the respective population (7.04% or less), except in two instances (L~B2--2~: 17.51% and L~F3--1~: 21.50%) ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). On the other hand, in the presence of a non-cognate sigma factor, few libraries show an increase in number of active promoters indicating that a small subpopulation of promoters lost its orthogonal character, but this effect is limited to a maximum of 13.16% of the total population.

![Promoter libraries setup and characterization. (**A**) Original promoters P~B2~, P~F3~ and P~W2~ were selected to create three types of libraries by randomizing parts of the spacer sequence between the −10 and −35 conserved regions of the promoters. mKate2 expression is used as reporter to characterize library promoters and constitutively expressed sfGFP to correct for extrinsic factors. Vectors containing original promoters and their libraries were transformed in strains containing each of the cognate and non-cognate sigma factors and wild-type *Escherichia coli*. (**B**) All created strains were subjected to flow cytometry analysis. The presented data have been processed by asinh transformation of the mKate2/sfGFP ratio and corrected with the negative control ([Supplementary Data Materials and Methods](#sup1){ref-type="supplementary-material"}). Population means are displayed for non-cognate promoter--sigma factor pairs and whole library TIF distributions for cognate pairs. (**C**) Additionally, created σ^70^ promoter libraries act as a reference for native *E. coli* promoter library distributions.](gky010fig4){#F4}

To allow for (semi-)rational engineering using a defined set of promoters, with discrete expression levels within the achievable expression range, and to further investigate to which extent individual promoters retain their orthogonal properties, a selection of promoters was made for each sigma factor and characterized in detail. To obtain the representative sets of promoters, all three libraries (L~σ-1,2,3~) generated for each sigma factor (B, F and W) were combined and transformed into the strain bearing the respective cognate sigma factor gene in the genome. Cell sorting (FACS) was used to split each mixed library into 12 separate bins, covering the entire expression range. The same bin layout/division was used for the three assembled libraries resulting in bin counts ranging from 23% to under 0.1% of the population. This was done to ensure the selection of promoters with well underrepresented TIF for subsequent screening. From each bin, four colonies were randomly picked and FL was measured for the cognate pairs before selecting 9 or 10 promoters for each library that cover a broad expression range. The resulting promoter set for each sigma factor was further characterized for orthogonality by making all combinations of promoters and strains bearing a cognate, a non-cognate or no heterologous sigma factor (wild-type MG1655).

Figure [5A](#F5){ref-type="fig"} shows the FL measurements for the promoter sets relative to their respective original promoter as reference (P~B2~, P~F3~ and P~W2~, with cognate sigma factor, put equal to 1). The corresponding promoter DNA sequences are displayed in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}. Expression for sigma factor B promoters ranges from 0.05 to 4.89, for sigma factor F promoters from 0.11 to 4.39 and for sigma factor W promoters from 0.05 to 1.57, all relative to their respective original promoter. The promoter with lowest TIF in presence of its cognate sigma factor, P~B2.1~, still shows an activation ratio of 2.18 over its expression in WT *E. coli* K12 (Figure [5B](#F5){ref-type="fig"}). The highest activation ratio is observed for P~B2.10~ in presence of sigma B, where expression is 535 times higher than in absence of a heterologous sigma factor. It is noticeable that in some cases the activation ratios are lower than 1, most pronounced for P~F3.8~ and P~F3.9~ in presence of sigma B or P~B2.9~ in presence of sigma F, which is conform the results shown in Figure [2](#F2){ref-type="fig"}, where promoters recognized by endogenous sigma factor(s) can result in lower expression by production of an additional sigma factor, possibly due to competition for core RNAP. When examining the sequences ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}), it appears that for some promoters the spacer length differs from the respective original promoter and consequentially alters the promoters' properties. The spacer from P~W2.2~ and P~W2.3~ is 1 bp shorter while P~W2.1~ misses 5 bp. Conversely, P~B2.10~ has an additional 2 bp. The occurrence of shorter sequences can be explained by an inaccurate DNA oligonucleotide synthesis process, whereby ∼60% of the ordered oligonucleotides only have the expected length due to imperfect base coupling efficiency (as reported by the supplier).

![Representative set of individual promoters for libraries L~B2~, L~F3~ and L~W2~. A selection of 9 or 10 promoters was made for each library. The three sets were analyzed in presence of their cognate sigma factor, a non-cognate sigma factor or in absence of a heterologous sigma factor (wild-type MG1655). (**A**) For each promoter--sigma factor couple, the media blank corrected mKate to sfGFP ratio is calculated (Fluorescence~C~). Depicted values are relative to the respective original promoter as reference (P~B2~, P~F3~ and P~W2~, with cognate sigma factor, put equal to 1). (**B**) Activation ratios are calculated as the ratio of the activity of a promoter in presence of a heterologous sigma factor to the activity of that promoter in absence of a heterologous sigma factor (wild**-**type MG1655).](gky010fig5){#F5}

DISCUSSION {#SEC4}
==========

With increasing interest and current successes in microbial production, the synthesis of more complex molecules is undertaken, which often involve long metabolic pathways ([@B1],[@B3],[@B10],[@B69],[@B70]). Recently, production of compounds such as taxol, fatty acids and many other products utilized a modular metabolic engineering approach, in which a pathway is divided in several modules on different vectors that bear different characteristics (copy number, promoters, RBS) ([@B71]). Synthetic biology aids to deal with these complex pathways by implementing genetic circuitry whereby well-defined parts are used to control separate steps and/or modules of the pathway. Therefore, a toolbox for orthogonal expression with systems that can be used together in the host to independently direct and regulate transcription of different genes is an important asset. In addition, tunability or the ability to optimize expression of independent genes remains a major benefit. In this work, this was achieved by using bacterial sigma subunits to create an orthogonal expression system in combination with the corresponding promoter libraries.

The effect of the heterologous sigma factors on growth in the conditions tested here was only minor to non-existent ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). This is probably due, in part, to the low expression levels of sigma factors required to exert their function. It was shown that most of the assayed naturally occurring promoters specific for sigma factors from *B. subtilis* are orthogonal toward the host, as they are not recognized by *E. coli* sigma factors (Figures [2C](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). This outcome was anticipated as σ^A^ of *B. subtilis* recognizes the same promoter consensus sequence as σ^70^ of *E. coli* and alternative sigma factors are often orthogonal toward their housekeeping sigma factor (Figure [1B](#F1){ref-type="fig"}) ([@B42],[@B44]). Further, successful expression and functionality of the different heterologous sigma factors in *E. coli* was shown and their orthogonality toward the host and each other was evaluated (Figures [2C](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). No crosstalk was observed between heterologous ECF sigma factors (M, W and X) and non-ECF factors (B, F, G). Most of the latter show also no interference between each other except sigma factor G, which recognizes promoters specific for F. This is physiologically relevant in *B. subtilis* as sigma factor G is expressed in a subsequent step of the sporulation cascade as compared to F ([@B51],[@B52]). In contrast within the ECF-type sigma factors presented here, sigma factor M shows crosstalk with all, but W (and its derivative) and X T152P are orthogonal toward each other (Figure [2C](#F2){ref-type="fig"}). The −10 region of the promoter is the key determinant for this specificity with sequence CGAC and CGTA for sigma factor X and W respectively ([@B76]).

According to the obtained results, up to four of the analyzed heterologous sigma factors can be combined to independently express genes. As not all combinations of sigma factors are suited, this results in two possibilities to combine four orthogonal sigma factors, nine combinations with three and fifteen with two. However, besides orthogonality it remains important to be able to tune expression ([@B65]). In this work, a set of promoter libraries for orthogonal sigma factors B, F and W with an expanded expression range was successfully created while orthogonality is largely conserved. Randomization of the spacer sequence between −10 and −35 conserved regions is confirmed as a reliable method to introduce expression variability ([@B13],[@B15]) and, as shown here, has the ability to simultaneously conserve specificity toward specific sigma factors. In depth characterization of a representative set of individual promoters for each sigma factor shows this conserved orthogonality is absolute for the majority of promoters (Figure [5](#F5){ref-type="fig"}). However, some promoters experience (a partial) loss of orthogonality, especially toward the host. Different regions in the spacer were randomized (corresponding to different libraries) but no correlation could be established between randomization pattern and resulting expression profile as effects are opposite for sigma factor B and F. However, there is a clear difference in expression profile (broad versus narrow range; low versus high TIF) between the different libraries generated per sigma factor. This variation can be of use depending on the application of interest. In contrast to the libraries for promoters P~B2~ and P~F3~, the different libraries for P~W2~ show a quite narrow range and similar TIF (Figure [4B](#F4){ref-type="fig"}). This might be due to the fact that sigma factor W belongs to group 4 of sig70-type family sigma factors, which comprises the smallest sigma factors consisting of only two domains, 2 and 4, that are primarily involved in interaction with the −10 and −35 promoter elements respectively (Figure [1A](#F1){ref-type="fig"}). Therefore, altering the spacer sequence might not be sufficient to create a broad expression range for this type of sigma factors. One possibility could be to shorten the spacer region to lower expression, as observed for the final selected sigma factor W promoters with lowest TIF (P~W2.1~, P~W2.2~ and P~W2.3~) that all have a shorter spacer than in the original promoter. Additionally, for P~B2.10~ the introduction of an extra 2 bp lengthened the spacer from 12 to 14 bp, which is more closely in line with the consensus (Figure [1B](#F1){ref-type="fig"}) and therefore could drive the relatively high TIF. Spacer length is a known expression determinant and can therefore be considered to be included in library designs together with the randomization of the spacer. Alternatively, one might consider to alter the sequence of the conserved boxes (preferably only in the −35 element to maintain specificity) to introduce larger expression variability for the ECF-type sigma factors, although this may occasion a risk of losing specificity along the way ([@B76]). Other possibilities would be changing sequences upstream of the −35 (UP element) or downstream of −10 conserved regions.

In conclusion, the 'sigma factor toolbox' generated in this study, composed of a selected set of orthogonal sigma factors with cognate promoter libraries exhibiting a wide variety of TIFs, constitutes an interesting tool for the assembly and expression of complex synthetic circuits.
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